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HIGHLIGHTS 


.  LGO  was  selectively  produced  from  cellulose  and  poplar  wood  using  magnetic  S042  /Ti02-Fe304. 

.  Catalytic  temperature  and  feedstock/catalyst  ratio  affected  the  pyrolytic  product  distribution  greatly. 
•  The  LGO  yields  reached  15.43  wt%  from  cellulose  and  7.06  wt%  from  poplar  wood. 

.  The  S042_/Ti02-Fe304  performed  better  than  the  S042"/Ti02,  H3P04  and  H2S04  to  produce  LGO. 
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Magnetic  superacid  (S04  /Ti02-Fe304)  was  prepared  for  catalytic  fast  pyrolysis  of  cellulose  and  poplar 
wood  to  produce  levoglucosenone  (LGO).  Its  catalytic  activity  was  evaluated  via  pyrolysis-gas  chroma¬ 
tography/mass  spectrometry  (Py-GC/MS)  experiments,  and  compared  with  the  non-magnetic  S04  / 
Ti02,  phosphoric  acid  (H3P04)  and  sulfur  acid  (H2S04)  catalysts.  Moreover,  the  LGO  yield  was  quantita¬ 
tively  determined.  The  results  indicated  that  the  magnetic  S04  /Ti02-Fe304  was  effective  to  selectively 
produce  LGO  from  both  cellulose  and  poplar  wood.  Its  catalytic  capability  was  a  little  better  than  the 
non-magnetic  S04  /Ti02  and  H3P04,  and  much  better  than  the  H2S04.  The  maximal  LGO  yields  from  both 
cellulose  and  poplar  wood  were  obtained  at  300  °C  with  the  feedstock/catalyst  ratio  of  1/1,  reaching  as 
high  as  15.43  wt%  from  cellulose  and  7.06  wt%  from  poplar  wood,  respectively. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Selective  pyrolysis  of  biomass  to  produce  specific  valuable 
chemicals  is  a  new  and  promising  way  for  the  value-added  utiliza¬ 
tion  of  biomass  materials,  and  has  gained  extensive  attention  in 
recent  years  (Mohan  et  al.,  2006;  Huang  et  al.,  2012;  Zhang  et  al., 
2013;  Bu  et  al.,  2014).  LGO  is  one  of  the  valuable  chemicals  that 
can  be  selectively  produced.  It  is  an  anhydrosugar  product  derived 
from  the  depolymerization  and  dehydration  of  cellulose  (Halpern 
et  al.,  1973;  Ohnishi  et  al.,  1975).  Due  to  its  unique  structure, 
LGO  has  been  regarded  as  a  promising  building  block  with  high 
versatility  in  modem  organic  synthesis,  to  prepare  various  bioac¬ 
tive  compounds,  disaccharides,  chiral  inductors,  and  so  on 
(Sarotti  et  al.,  2012). 

LGO  is  usually  a  minor  pyrolytic  product  from  cellulose  or  bio¬ 
mass  (Lu  et  al.,  2011b),  but  its  yield  can  be  increased  remarkably 
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in  some  acid-catalyzed  pyrolysis  processes  (Di  Blasi  et  al.,  2008; 
Lu  et  al.,  2011a).  Catalyst  is  the  key  factor  that  determines  the 
LGO  yield,  and  thus,  it  is  very  important  to  study  and  find  out  prom¬ 
ising  catalysts  to  achieve  high  selective  LGO  production.  Till  now, 
five  catalysts  have  been  reported  to  have  high  catalytic  selectivity 
on  the  LGO  formation,  including  H3P04  (Dobele  et  al.,  2003,  2005; 
Sarotti  et  al.,  2007;  Nowakowski  et  al.,  2008;  Zandersons  et  al., 
2013),  H2S04  (Branca  et  al.,  2011;  Sui  et  al.,  2012),  Fe2(S04)3 
(Dobele  et  al.,  2005),  solid  superacid  (S04~/Ti02  or  S04~/Zr02) 
(Wang  et  al.,  2011b;  Lu  et  al.,  2012;  Wei  et  al.,  2014)  and  1-butyl- 
2,3-dimethylimidazolium  triflate  ionic  liquid  (Kudo  et  al.,  2011). 
Among  these  catalysts,  the  H3P04,  Fe2(S04)3  and  H2S04  catalysts 
should  be  impregnated  on  the  cellulose/biomass,  which  requires 
complex  pretreatment  process.  Moreover,  the  H3P04  and  H2S04 
would  undergo  thermal  condensation  reactions  during  the  pyroly¬ 
sis  process,  making  their  recycle  impossible.  Nevertheless,  the  solid 
superacid  catalysts  are  easy  to  utilize,  by  just  mechanically  mixing 
with  the  cellulose/biomass,  which  will  offer  significant  advantage 
on  feedstock  pretreatment.  They  are  also  thermally  stable,  and  thus, 
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can  be  recycled.  However,  how  to  recycle  the  catalyst  is  an  impor¬ 
tant  problem  for  the  industrial  process,  since  the  catalyst  will  be 
mixed  with  the  solid  char  residues  after  the  catalytic  pyrolysis 
process. 

To  facilitate  the  catalyst  recycles,  magnetic  sold  superacid  cata¬ 
lyst  (S04~/Ti02-Fe304)  was  prepared  in  this  study.  Its  catalytic 
activity  was  evaluated  via  the  Py-GC/MS  technique  which  was  a 
powerful  tool  for  primary  catalyst  selection  and  evaluation.  Cur¬ 
rently,  solid  superacid  catalysts  have  only  been  employed  for  the 
LGO  production  from  cellulose.  In  this  study,  both  cellulose  and 
poplar  wood  were  employed  as  the  feedstock  for  selective  produc¬ 
tion  of  LGO  using  S04~/Ti02-Fe304.  The  catalytic  capabilities  of  the 
magnetic  S04~/Ti02-Fe304  were  compared  with  the  non-magnetic 
S04~/Ti02  as  well  as  the  previously  reported  H3P04  and  H2S04  cat¬ 
alysts.  Moreover,  the  LGO  yields  from  different  reaction  conditions 
were  quantitatively  determined. 

2.  Experimental 

2.3.  Materials 

The  feedstock  used  in  this  study  included  microcrystalline  cel¬ 
lulose  (Avicel  PH-101 ),  poplar  wood  and  pure  LGO.  The  microcrys¬ 
talline  cellulose  and  pure  LGO  were  purchased  from  Sigma  and  TCI 
company,  respectively.  Prior  to  experiments,  the  poplar  wood  was 
ground  in  a  high  speed  rotary  cutting  mill,  and  screened  using  two 
standard  sieves  to  obtain  the  particles  within  the  size  of  0.2- 
0.3  mm.  The  particles  were  then  dried  in  an  oven  at  1 1 0  °C  for 
3  h  in  air,  and  stored  in  a  vacuum  desiccator  (containing  silica 
gel  in  it  and  in  a  vacuum  condition  with  the  pressure  lower  than 
2  kPa)  at  room  temperature  for  experiments.  Its  chemical  composi¬ 
tion  was  analyzed  according  to  Ranganathan  et  al.  (1985),  and  its 
elemental  composition  on  the  dry  basis  was  analyzed  by  an  Ele- 
mentar  vario  MACRO  cube  analyzer. 

2.2.  Preparation  of  the  Ti02,  S04~/Ti02  and  S0i~/Ti02-Fe304  catalysts 

The  Ti02  was  prepared  by  the  following  procedure.  Certain 
amount  of  TiCI4  was  slowly  added  to  deionized  water  with  vigor¬ 
ous  stirring  and  cooled  by  ice  water.  NaOH  solution  (0.1  mol/L) 
was  then  added  dropwise  to  the  above  mixture  to  a  final  pH 
around  8.  The  precipitate  was  filtered,  washed  with  deionized 
water  until  no  chloride  ions  (tested  by  1  mol/L  AgN03  solution), 
and  dried  at  110  °C  for  24  h.  The  obtained  solids  (Ti(0H)4)  were 
powdered  below  100  mesh,  and  some  solids  were  used  for  the 
preparation  of  the  S04~/Ti02  and  S04~/Ti02-Fe304.  The  other  sol¬ 
ids  were  calcined  at  550  °C  for  3  h  to  obtain  the  Ti02. 

The  SO|~/Ti02  (non-magnetic  solid  superacid)  was  prepared  by 
the  impregnation  of  the  above  Ti(0H)4  with  1  mol/L  aqueous  sulfu¬ 
ric  acid  under  stirring  for  12  h.  Afterwards,  the  mixture  was  fil¬ 
tered,  wash  with  deionized  water  until  no  sulfate  ions  (tested  by 
1  mol/L  BaCl2  solution),  dried  at  110  °C  for  24  h,  and  finally  cal¬ 
cined  at  550  °C  for  3  h  to  obtain  the  S04~/Ti02. 

To  prepare  the  S04~/Ti02-Fe304  (magnetic  solid  superacid),  the 
magnetic  substrate  was  firstly  produced.  6g  FeCl3-6H20  and  2g 
FeCl2-4H20  were  dissolved  in  40  mL  and  18  mL  deionized  water, 
and  then  mixed  together.  Afterwards,  NaOH  solution  (0.1  mol/L) 
was  added  into  the  above  solution  to  a  final  pH  of  10-1 1  with  stir¬ 
ring  for  30  min.  The  mixture  was  then  placed  above  a  magnet  for 
12  h  to  achieve  separation  by  the  magnetic  field.  The  obtained  solid 
was  washed  with  deionized  water  until  the  pH  was  neutral,  and 
dried  at  105  °C  for  24  h  to  obtain  the  magnetic  substrate.  The 
S0|~/Ti02-Fe304  was  prepared  with  the  following  procedures  g 
polyethylene  glycol  was  added  to  300  mL  deionized  water,  fol¬ 
lowed  with  the  slow  addition  of  12  mL  TiCl4  and  0.5  g  magnetic 


substrate,  under  vigorous  stirring  and  cooled  by  ice  water.  NaOH 
solution  (0.1  mol/L)  was  then  added  dropwise  to  the  above  mixture 
to  a  final  pH  around  8.  The  precipitate  was  filtered,  washed  with 
deionized  water  until  no  chloride  ions  (tested  by  1  mol/L  AgN03 
solution),  and  dried  at  110  °C  for  24  h.  The  obtained  solids  were 
powdered  below  100  mesh,  and  impregnated  with  1  mol/L  aque¬ 
ous  sulfuric  acid  under  stirring  for  12  h.  The  mixture  was  filtered, 
washed  with  deionized  water  until  no  sulfate  ions  (tested  by 
1  mol/L  BaCl2  solution),  dried  at  110°C  for  24  h,  and  finally  cal¬ 
cined  at  550  °C  for  3  h  to  obtain  the  S04~/Ti02-Fe304. 

2.3.  Catalyst  characterization 

The  catalysts  were  characterized  via  the  X-ray  diffraction  (XRD) 
analysis,  Fourier  transform  infrared  (FTIR)  analysis,  textural  prop¬ 
erty  analysis,  sulfur  content  analysis  and  magnetic  property  analy¬ 
sis.  The  XRD  analysis  was  performed  with  a  Philips  X’pert  PRO  X-ray 
diffractometer,  employing  the  Cu  Ka  radiation  (2  =  0.15418  nm). 
The  data  were  recorded  over  the  20  range  of  10-90°.  The  FTIR  anal¬ 
ysis  was  conducted  using  a  Perkin  Elmer  spectrophotometer. 
Nitrogen  adsorption/desorption  isotherms  at  77  I<  of  the  catalysts 
were  measured  using  an  Autosorb-iQ-MP  physisorption  analyzer. 
The  surface  areas  were  determined  using  the  Brunauer-Emmett- 
Teller  (BET)  method,  and  the  pore  volumes  were  determined  by 
the  Barrett-Joyner-Halenda  (BJH)  method.  The  sulfur  contents  of 
the  S04~/Ti02  and  S04~/Ti02-Fe304  catalysts  were  determined  by 
an  Elementar  vario  MACRO  cube  analyzer.  The  magnetic  property 
of  the  S04~/Ti02-Fe304  catalyst  was  characterized  using  a  Lake- 
Shore  7407  series  vibration  sample  magnetometer  (VSM). 

2.4.  Pretreatment  of  the  cellulose  with  H3P04  and  H2S04 

H3P04  and  H2S04  catalysts  were  previously  reported  to  be  effec¬ 
tive  for  selective  production  of  LGO.  In  order  to  compare  their  cat¬ 
alytic  capability  with  the  S04~/Ti02-Fe304  and  S04~/Ti02  catalysts, 
the  cellulose  was  pretreated  to  impregnate  the  H3P04  or  H2S04 
using  the  incipient  wetness  impregnation  method  (Zhang  et  al., 
2014).  Aqueous  H3P04  or  H2S04  solutions  (3  mL)  with  different 
concentrations  were  prepared  and  then  added  to  1  g  cellulose  with 
ultrasonic  treatment  for  12  h.  Afterwards,  the  mixtures  were  dried 
at  1 05  °C  for  3  h  and  stored  in  a  desiccator  for  experiments.  A  total 
of  twelve  pretreated  cellulose  samples  were  prepared,  with  the 
H3P04  or  H2S04  contents  of  2.5,  5.0,  7.5,  10.0,  15.0  and  20.0  wt%, 
respectively. 

2.5.  Py-GC/MS  experiments 

Pyrolysis  was  performed  using  the  CDS  Pyroprobe  5200HP 
pyrolyser  (Chemical  Data  Systems).  Five  catalysts  were  tested  to 
evaluate  the  catalytic  capabilities  on  the  LGO  production  from 
either  cellulose  or  poplar  wood,  including  three  solid  catalysts 
(S04~/Ti02-Fe304,  S04~/Ti02,  Ti02)  and  two  liquid  catalysts 
(H3P04  and  H2S04).  To  evaluate  the  solid  catalysts,  0.20  mg  cellu¬ 
lose  (or  poplar  wood)  and  certain  amounts  of  solid  catalyst  (0.05, 
0.10,  0.20,  0.40  or  0.80  mg)  were  filled  in  the  quartz  tube  and 
mechanically  mixed  together.  To  evaluate  the  liquid  catalysts,  cer¬ 
tain  quantities  of  the  pretreated  cellulose  samples  were  filled  in 
the  quartz  tube.  The  quantities  were  strictly  weighed  to  be  0.21, 
0.21,  0.22,  0.22,  0.24  and  0.25  mg  for  the  samples  impregnated 
with  2.5,  5.0,  7.5, 10.0, 15.0  and  20.0  wt%  H3P04  or  H2S04,  to  ensure 
the  pure  cellulose  quantity  of  each  sample  strict  to  be  0.20  mg.  An 
analytical  balance  with  the  readability  of  0.01  mg  was  used  for 
weighing.  The  sample  preparation  details  can  be  found  in  our  pre¬ 
vious  studies  (Lu  et  al.,  2011a,  2012). 

The  pyrolysis  was  carried  out  in  the  temperature  range  of  250- 
450  °C  for  20  s  with  the  heating  rate  of  20  °C/ms.  The  pyrolysis 
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vapors  were  directly  transferred  to  the  Perkin  Elmer  GC/MS  (Clarus 
560)  and  analyzed  by  it.  The  injector  temperature  was  kept  at  300  °C. 
An  Elite-35MS  capillary  column  (30  m  x  0.25  mm  i.d.,  0.25  pm  film 
thickness)  was  used  for  the  chromatographic  separation.  Helium 
(99.999%)  was  used  as  the  carrier  gas  with  a  constant  flow  rate  of 
1  mL/min  and  a  1:80  split  ratio.  The  oven  temperature  was  pro¬ 
grammed  from  40  °C  (2  min)  to  280  °C  at  the  heating  rate  of  15  °C/ 
min.  The  temperature  of  the  GC/MS  interface  was  held  at  280  °C, 
and  the  mass  spectrometer  was  operated  in  El  mode  at  70  eV.  The 
chromatographic  peaks  were  identified  according  to  the  NIST 
library,  Wiley  library  and  the  literature  data  of  previous  reports. 

For  each  sample,  the  experiments  were  conducted  at  least  three 
times.  For  each  pyrolytic  product,  its  peak  area  and  peak  area%  val¬ 
ues  were  recorded,  and  the  average  and  standard  deviation  values 
were  calculated  and  used  for  analysis.  The  Py-GC/MS  technique 
could  not  provide  the  direct  quantitative  analysis  of  the  pyrolytic 
products.  However,  it  is  known  that  the  chromatographic  peak 
area  of  a  product  is  considered  to  vary  linearly  with  its  quantity, 
and  the  peak  area%  is  considered  to  vary  linearly  with  its  content. 
Therefore,  for  each  product,  the  changes  of  its  yield  can  be  deter¬ 
mined  by  comparing  its  average  peak  area  values  obtained  at  dif¬ 
ferent  pyrolysis  conditions,  and  the  changes  of  its  relative 
content  among  the  detected  products  can  be  determined  by 
comparing  its  average  peak  area%  values. 

2.6.  Quantitative  determination  of  the  LGO  yield 

Quantitative  determination  of  the  LGO  yield  was  performed 
using  an  external  standard  method.  Different  amounts  of  pure  LGO 
were  directly  subjected  to  Py-GC/MS  experiments,  the  LGO  was 
the  only  compound  detected  by  GC/MS,  and  its  peak  area  values 
were  recorded.  Hence,  a  straight  line  was  obtained  in  terms  of  the 
LGO  quantity  and  its  chromatographic  peak  area.  Based  on  this  line 
and  the  original  feedstock  quantity  (0.20  mg),  it  is  able  to  calculate 
the  LGO  yield  in  the  analytical  Py-GC/MS  experiments.  To  confirm 
this  external  standard  method,  the  pure  LGO  was  directly  injected 
to  GC/MS  to  obtain  another  line  in  terms  of  the  LGO  quantity  and 
its  chromatographic  peak  area.  The  two  lines  were  almost  the  same, 
which  confirmed  the  validity  of  the  external  standard  method. 

3.  Results  and  discussion 

3.1.  Catalyst  properties 

The  XRD  patterns  of  Ti02,  S04  /Ti02  and  S04  /Ti02-Fe304  cata¬ 
lysts  are  given  in  the  Supplementary  Data  (Fig.  SI ).  The  Ti02  exhib¬ 
ited  typical  diffraction  peaks  attributed  to  the  anatase  phase 
reflections.  The  SO|  /Ti02  and  SOj  /Ti02-Fe  .04  retained  the  ana¬ 
tase  phase  of  the  parent  Ti02,  suggesting  the  Ti02  structure  was 
not  altered  during  the  post-treatment  process.  The  FTIR  spectra 
of  the  three  catalysts  are  also  shown  in  the  Supplementary  Data 
(Fig.  S2).  The  spectra  of  the  S04~/Ti02  and  S04~/Ti02-Fe304 
showed  characteristic  peaks  of  the  sulfated  metal  oxides  between 
900  and  1400  cirr1,  assigned  to  the  stretching  vibrations  of  the 
S=0  bond  or  S-0  bond  (Guo  et  al.,  1994).  The  Ti4+  cation  could 
become  a  strong  acid  site  due  to  the  strong  inductive  effect  of 
the  S=0  bond.  The  textural  properties,  sulfur  content  and  magnetic 
property  of  the  catalysts  are  shown  in  Table  1.  The  S04~/Ti02  and 
S04~/Ti02-Fe304  possessed  a  little  lower  BET  surface  areas,  but 
higher  pore  volumes  than  those  of  the  Ti02. 

3.2.  Production  of  LGO  from  catalytic  fast  pyrolysis  of  cellulose  and 
poplar  wood  with  S04^/Ti02-Fe304 

The  chemical  and  elemental  composition  results  of  the  poplar 
wood  are  given  in  the  Supplementary  Data  (Table  SI).  The 


non-catalytic  analytical  fast  pyrolysis  of  cellulose  and  poplar  wood 
has  been  reported  in  our  previous  studies  (Lu  et  al.,  2011b;  Dong 
et  al.,  2012).  The  typical  ion  chromatograms  are  shown  in  the  Sup¬ 
plementary  Data  (Figs.  S3(a)  and  S3(c)).  Pure  cellulose  has  good  ther¬ 
mal  stability,  and  during  its  fast  pyrolysis,  minor  pyrolytic  products 
were  firstly  detected  at  the  set  temperature  of  300  °C.  Among  the 
pyrolytic  products,  levoglucosan  (LG)  was  the  predominant  one, 
formed  via  the  depolymerization  of  cellulose  (Shen  and  Gu,  2009; 
Wang  et  al.,  2012).  LGO  was  a  very  minor  product,  formed  via  the 
combined  depolymerization  and  dehydration  of  cellulose.  When 
the  S04~/Ti02-Fe304  or  S04~/Ti02  catalysts  were  added  into  cellu¬ 
lose,  the  initial  devolatilization  temperature  of  the  cellulose  was 
lowered,  because  the  pyrolytic  products  were  firstly  detected  at 
250  °C.  Moreover,  the  pyrolytic  product  distribution  was  altered 
greatly  by  the  catalysts,  with  the  typical  ion  chromatogram  shown 
in  the  Supplementary  Data  (Fig.  S3(b)).  LGO  became  the  major 
product,  together  with  the  furfural  (FF),  l,4:3,6-dianhydro-G(-D-glu- 
copyranose  (DGP),  1 -hydroxy-3, 6-dioxabicyclo[3.2.1]octan-2-one 
(LAC),  5-hydromethyl-furfural  (HMF)  and  1 ,5-anhydro-4-deoxy-D- 
glycero-hex-l-en-3-ulose  (APP)  as  by-products.  The  results  clearly 
indicated  that  the  S04~/Ti02-Fe304  catalyst  was  capable  to  signifi¬ 
cantly  promote  the  LGO  formation  pathway,  and  meanwhile  inhibit 
the  pathways  to  form  LG  and  other  products. 

During  fast  pyrolysis  of  pure  poplar  wood,  the  pyrolytic  prod¬ 
ucts  were  firstly  detected  at  300  °C,  mainly  including  hemicellu- 
lose-derived  pyrolytic  products,  due  to  the  thermal  instability  of 
hemicellulose.  The  products  from  higher  temperatures  mainly 
included  various  light  linear  carbonyls  (hydroxyacetaldehyde 
(HAA),  etc.),  linear  acids  (acetic  acid  (AA),  etc.),  furan  compounds 
(FF,  HMF,  etc.)  and  anhydrosugars  (LG,  etc.)  which  were  mainly 
derived  from  holocellulose,  as  well  as  various  phenolic  compounds 
which  were  mainly  derived  from  lignin  (Dong  et  al.,  2012).  In  the 
presence  of  catalyst,  the  product  distribution  was  also  changed  sig¬ 
nificantly.  LGO  was  also  formed  as  the  major  product,  together 
with  AA,  FF,  LAC,  DGP,  HMF  and  APP  as  by-products,  as  shown  in 
the  Supplementary  Data  (Fig.  S3(d)).  Compared  with  the  catalytic 
pyrolytic  products  from  cellulose,  more  AA  and  FF  were  formed 
in  the  catalytic  pyrolytic  products  of  poplar  wood,  which  were 
mainly  derived  from  the  hemicellulose  of  the  poplar  wood  (Lu 
et  al.,  2011a). 

The  S04~/Ti02-Fe304  and  S04~/Ti02  exhibited  similar  catalytic 
capabilities  to  selectively  produce  LGO  from  cellulose  and  poplar 
wood.  However,  the  pure  Ti02  did  not  show  such  catalytic  effects, 
indicating  the  strong  acidity  of  the  S04~/Ti02-Fe304  and  S04~/Ti02 
was  essential  for  the  LGO  formation. 

3.2.1.  Effects  of  the  catalytic  temperature 

Fig.  1  shows  the  effects  of  the  catalytic  temperature  (250— 
450  °C)  on  the  peak  area  and  peak  area%  of  LGO  at  the  feedstock/ 
catalyst  ratio  of  1/1.  The  results  from  the  non-catalytic  pyrolysis 
of  cellulose  and  poplar  wood  are  also  presented  in  Fig.  1  for  com¬ 
parison.  During  the  fast  pyrolysis  of  cellulose,  the  catalytic  effects 
of  the  three  catalysts  (Ti02,  S04~/Ti02  and  S04~/Ti02-Fe304)  were 
all  investigated  in  details  (Fig.  1(a)  and  (b)).  Whereas,  during  the 
fast  pyrolysis  of  poplar  wood,  only  S04~/Ti02-Fe304  was  subjected 
to  detailed  evaluation  at  all  reaction  conditions  (Fig.  1(c)).  The  cat¬ 
alytic  effects  of  the  Ti02  and  S04~/Ti02  were  only  performed  at 
several  key  conditions,  and  their  results  are  not  shown  here.  More¬ 
over,  it  is  to  note  that  the  LGO  yield  from  the  non-catalytic  fast 
pyrolysis  of  poplar  wood  was  very  low,  resulting  in  very  small  val¬ 
ues  of  pure  poplar  wood  in  Fig.  1(c). 

According  to  Fig.  1,  LGO  was  a  very  minor  product  in  the  non- 
catalytic  or  Ti02-catalyzed  processes.  Whereas,  both  the  peak  area 
and  peak  area%  of  the  LGO  were  increased  significantly  in  the  cat¬ 
alytic  process  using  S04~/Ti02-Fe304  or  S04~/Ti02.  Specially,  the 
LGO  peak  area,  which  was  proportional  to  its  yield,  was  initially 
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Table  1 

Textural  properties,  sulfur  content  and  magnetic  property  of  the  catalysts. 
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BET  surface  area  (m2/g) 

Pore  volume  (cm3/g) 

Sulfur  content  (wt%) 

Saturation  magnetization  (emu) 

Ti02 

130.3 

0.33 

_ 

_ 

SOih/Ti02 

115.3 

0.55 

3.31 

- 

S03-/Ti02-Fe304 

102.6 

0.45 

3.10 

11.7 

Fig.  1.  Peak  area  and  peak  area%  of  the  LGO  from  non-catalytic  and  catalytic  fast 
pyrolysis  of  cellulose  or  poplar  wood  at  different  temperatures. 


increased  and  then  decreased  as  the  catalytic  temperature 
increased.  The  maximal  LGO  yields  were  obtained  at  300  °C  for 
both  cellulose  and  poplar  wood,  and  the  peak  area  values  were 
about  32  times  or  104  times  more  than  the  highest  peak  area 
values  in  the  non-catalytic  pyrolysis  of  the  cellulose  or  poplar 
wood,  respectively.  Furthermore,  the  LGO  peak  area%,  which  was 
proportional  to  its  concentration,  was  decreased  monotonically 
along  with  the  catalytic  pyrolysis  temperature  for  cellulose,  with 
the  values  of  71.1%  and  55.5%  at  250  and  300  °C,  respectively. 
Moreover,  the  LGO  peak  area%  was  initially  increased  and  then 
decreased  along  with  the  temperature  for  poplar  wood,  with  the 
maximal  value  of  34.9%  at  300  °C.  The  above  results  indicated  that 
the  low  pyrolysis  temperature  was  favorable  for  selective  LGO  pro¬ 
duction,  agreed  well  with  previous  results  (Fabbri  et  al.,  2007;  Lu 
et  al.,  2012;  Wei  et  al.,  2014).  High  pyrolysis  temperature 
(>300  °C)  would  enhance  other  competing  pyrolytic  pathways, 
and  also  partly  cause  the  secondary  conversion  of  the  LGO, 
resulting  in  the  decreased  LGO  production. 

Based  on  Fig.  1,  the  S04~/Ti02-Fe304  performed  a  little  better 
than  the  S04~/Ti02  on  the  selective  LGO  production.  This  observa¬ 
tion  suggested  that  the  presence  of  Fe304  in  S04~/Ti02-Fe304 
would  not  only  act  as  the  magnetic  matrix,  but  also  affect  the 
catalytic  capability  in  positive  way.  Further  studies  are  required 


to  reveal  how  the  Fe304  influenced  the  catalytic  capability  of  the 
S04~/Ti02-Fe304. 

Besides  the  LGO,  the  other  pyrolytic  products  from  cellulose  and 
poplar  wood  were  also  affected  by  the  catalytic  temperature.  The 
results  are  shown  in  the  Supplementary  Data  (Fig.  S4  and  S5).  Gen¬ 
erally,  during  the  catalytic  pyrolysis  of  cellulose,  the  LG  was  signif¬ 
icantly  decreased  as  compared  with  the  non-catalytic  process, 
while  the  FF  and  DGP  were  increased.  As  the  rising  of  the  catalytic 
temperature,  the  yields  of  the  FF,  LAC  and  LG  were  gradually 
increased,  indicating  their  formation  was  favored  at  medium  tem¬ 
peratures  (Fabbri  et  al.,  2007;  Lu  et  al„  2011b).  While  the  yields  of 
the  DGP,  HMF  and  APP  were  initially  increased  and  then  decreased, 
suggesting  their  formation  was  favorable  at  low  temperatures  (Lu 
et  al.,  2011b).  It  is  to  note  that  the  DGP  could  be  the  precursor  of 
the  LGO  under  the  acid-catalyzed  pyrolysis  process  (Shafizadeh 
et  al.,  1978),  while  the  LAC  was  generated  from  the  APP 
(Furneaux  et  al.,  1988).  During  the  catalytic  pyrolysis  of  the  poplar 
wood,  the  AA  and  FF  were  the  two  major  by-products.  The  AA  yield 
was  similar  in  the  non-catalytic  and  catalytic  processes  of  different 
temperatures.  The  results  indicated  that  the  formation  of  the  AA 
(deacetylation  of  hemicellulose)  would  not  be  greatly  influenced 
by  the  catalyst  and  pyrolysis  temperature.  The  FF  yield  was 
increased  greatly  as  compared  with  the  non-catalytic  process, 
and  it  was  also  gradually  increased  as  the  rising  of  the 
temperature. 


3.2.2.  Effects  of  feedstock/catalyst  ratio 

Fig.  2  gives  the  peak  area  and  peak  area%  results  of  the  LGO  from 
the  non-catalytic  and  catalytic  processes  with  the  feedstock/cata¬ 
lyst  ratios  of  1/0.25,  1/0.5,  1/1,  1/2  and  1/4,  under  the  pyrolysis 
temperature  of  300  °C.  As  the  rising  of  the  feedstock/catalyst  ratio, 
the  LGO  yield  and  its  relative  content  were  initially  increased  and 
then  decreased.  The  maximal  values  were  obtained  at  the  feed¬ 
stock/catalyst  ratio  of  1/1  for  both  cellulose  and  poplar  wood.  At 
the  low  catalyst  quantity,  the  contact  of  the  feedstock  and  the  cat¬ 
alyst  was  insufficient  due  to  the  motionless  feedstock/catalyst 
mixture,  resulting  in  the  insufficient  catalytic  effects  to  promote 
the  LGO  formation.  Whereas  at  high  catalyst  quantity,  the  strong 
acidity  of  the  catalyst  would  significantly  enhance  the  dehydration 
and  charring  of  the  cellulose  or  poplar  wood,  resulting  in  the 
decrease  of  the  overall  organic  volatile  products  (Branca  et  al., 
2011;  Lu  et  al.,  2011a).  Moreover,  the  strong  acidic  catalyst  would 
also  catalyze  the  secondary  conversion  of  the  LGO  (Shafizadeh  and 
Chin,  1976).  As  a  result,  the  LGO  yield  was  decreased  remarkably  at 
high  catalyst  quantity. 

3.3.  Comparison  of  the  catalytic  effects  of  the  S04  /Ti02-Fe304,  SO4-/ 
Ti02,  H3PO4  and  H2S04 

The  H3P04  and  H2S04  were  previously  reported  to  be  effective 
for  selective  production  of  LGO  from  cellulose.  In  order  to  compare 
their  catalytic  capability  with  the  S04~/Ti02-Fe304  and  SO|~/Ti02 
catalysts,  H3P04-impregnated  and  H2S04-impregnated  cellulose 
samples  were  prepared  and  subjected  to  Py-GC/MS  experiments. 
The  results  revealed  that  the  highest  LGO  yields  were  obtained 
from  the  cellulose  samples  with  10.0  wt%  H3P04  or  5.0  wt% 
H2S04,  at  the  pyrolysis  temperature  of  300  °C.  Therefore,  the 
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Feedstock/catalyst  ratio 

Fig.  2.  Peak  area  and  peak  area%  of  the  LGO  under  different  feedstock/catalyst 
ratios. 


catalytic  capability  of  the  four  catalysts  could  be  compared,  as 
given  in  the  Supplementary  Data  (Fig.  S6).  According  to  the  results, 
the  H3PO4,  SO4  /Ti02  and  SOj  /Ti02-Fe304  catalysts  all  performed 
much  better  than  the  H2S04  to  enhance  the  LGO  formation, 
because  the  LGO  peak  area  values  from  the  three  catalysts  were 
all  at  least  1 .7  times  higher  than  that  from  the  H2S04.  Among  the 
four  catalysts,  the  S04~/Ti02-Fe304  catalyst  exhibited  the  best  cat¬ 
alytic  capability  on  the  LGO.  Furthermore,  the  S04~/Ti02-Fe304 
catalyst  would  be  easy  to  utilize  and  recycle  as  compared  with 
the  other  catalysts.  These  facts  all  indicated  that  the  S04~/Ti02- 
Fe304  catalyst  should  be  a  promising  catalyst  for  LGO  production 
with  low  cost. 

3.4.  Quantitative  determination  of  the  LGO 

The  Py-GC/MS  technique  could  not  quantitatively  analyze  the 
pyrolytic  products.  Hence,  an  external  standard  method  was 
employed  to  determine  the  LGO  yield.  The  results  are  shown  in 
Table  2.  Under  the  catalysis  of  the  S04~/Ti02-Fe304,  the  highest 
LGO  yields  were  15.43  wt%  from  cellulose  and  7.06  wt%  from  pop¬ 
lar  wood,  obtained  at  the  pyrolysis  temperature  of  300  °C  and  feed¬ 
stock/catalyst  ratio  of  1/1.  It  is  clear  the  LGO  yields  from  cellulose 
by  using  the  other  three  catalysts  were  all  lower  than  that  from 
using  the  S04  /Ti02-Fe304. 

The  cellulose  content  in  the  poplar  wood  was  49.0  wt%,  and  the 
highest  LGO  yield  from  the  poplar  wood  was  around  45.7%  (calcu¬ 
lated  by  7.06/15.43)  of  that  from  the  cellulose.  This  suggested  that 
the  pyrolytic  formation  of  LGO  from  cellulose  in  the  poplar  wood 
would  only  be  slightly  inhibited  by  the  other  poplar  wood  compo¬ 
nents  (hemicellulose,  lignin,  extractive  and  ash).  It  is  well  known 
that  during  fast  pyrolysis  of  biomass,  the  pyrolytic  pathways  and 
product  distribution  of  each  component  would  be  affected  by  the 


Table  2 

Quantitative  determination  of  the  LGO  yields  from  different  catalysts  and  feedstocks 
(wt%). 


h2so4 

H3PO4 

S0|~/Ti02 

S0i-/Ti02-Fe304 

Cellulose 

8.53 

14.92 

14.95 

15.43 

Poplar  wood 

6.82 

7.06 

other  components  (Wang  et  al.,  2011a).  Moreover,  during  the  cat¬ 
alytic  fast  pyrolysis  of  biomass,  the  contact  between  the  cellulose 
of  biomass  and  the  catalyst  would  be  partly  hindered  by  the  other 
biomass  components.  Furthermore,  according  to  the  Zandersons 
et  al.  (2013)  who  investigated  the  effects  of  biomass  pretreatment 
on  the  H3P04-catalyzed  pyrolysis  of  biomass,  the  changes  of  the 
lignin  and  hemicellulose  contents  would  clearly  influence  the 
LGO  formation.  All  the  above  facts  suggested  that  the  catalytic 
pyrolysis  of  biomass  using  S04~/Ti02-Fe304  to  produce  LGO  might 
not  only  be  influenced  by  the  catalyst  but  also  the  biomass  compo¬ 
nents.  Therefore,  further  studies  are  required  to  reveal  how  the 
biomass  components  affected  the  LGO  formation  during  the  cata¬ 
lytic  fast  pyrolysis  of  biomass  using  S04~/Ti02-Fe304,  so  as  to  opti¬ 
mize  the  LGO  production  from  biomass. 

4.  Conclusions 

Magnetic  S04~/Ti02-Fe304  was  prepared  and  employed  for  cat¬ 
alytic  fast  pyrolysis  of  cellulose  and  poplar  wood  to  selectively  pro¬ 
duce  LGO.  The  results  indicated  that  both  the  catalytic  temperature 
and  feedstock/catalyst  ratio  played  important  roles  on  the  pyro¬ 
lytic  product  distribution.  Low  catalytic  temperature  favored  the 
LGO  formation.  The  highest  LGO  yields  reached  15.43  wt%  from 
cellulose  or  7.06  wt%  from  poplar  wood,  obtained  at  300  °C  with 
the  feedstock/catalyst  ratio  of  1/1.  Moreover,  the  catalytic  perfor¬ 
mance  of  the  magnetic  S04~/Ti02-Fe304  was  compared  with  the 
non-magnetic  S04~/Ti02,  H3P04  and  H2S04,  and  the  S04~/Ti02- 
Fe304  exhibited  the  best  capability  to  selectively  produce  LGO. 
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